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The basic features of quark and lepton mass matrices can be successfully explained by natural
minima of a generic potential with dynamical Yukawa fields invariant under the [SU(3)]5 × O(3)
flavor symmetry. If this symmetry is gauged, in order to avoid potentially dangerous Goldstone
bosons, and small perturbations are added to exactly fit the observed pattern of fermion masses,
the spectrum of massive flavor gauge bosons can naturally explain the hints for new physics in b→
s`+`− transitions, including RK . In particular, the desired pattern of the Standard Model Yukawa
couplings is compatible with a gauged U(1)q in the quark sector, and U(1)µ−τ in the lepton sector
spontaneously broken around the TeV scale. In order to explain the aforementioned experimental
hints, the corresponding neutral gauge bosons are required to mix, yielding to potentially observable
signals in dimuon resonance searches at the LHC.
I. INTRODUCTION
With the Higgs boson discovery at the LHC, the Stan-
dard Model (SM) of particle physics stands out as a great
success story. Since no new particles were observed so far,
this only amplifies the importance of some long-standing
questions. In this respect, the SM flavor puzzle –the
lack of explanation for the peculiar structure of fermion
masses and mixing angles– with masses spanning several
orders of magnitude and very hierarchical mixing in the
quark sector in contrast to the anarchical structure in the
lepton sector, is still a critical point any theory of physics
beyond the SM should address.
While most flavor observables agree very well with the
SM, there are significant deviations from the theory pre-
diction in b → sµ+µ− processes (see for example recent
review [1]). If confirmed, these could be a guideline to
uncover the flavor structure of physics beyond the SM.
In more details, the current theoretical and experimental
situation is the following: LHCb [2] measured the ratio
RK =
Br[B → Kµ+µ−]
Br[B → Ke+e−] = 0.745
+0.090
−0.074 ± 0.036 , (1)
which deviates from the theoretically clean SM prediction
RSMK = 1 up toO(1%) [3] by 2.6σ. In addition, LHCb has
reported deviations from the SM predictions [4–8] in the
decay B → K∗µ+µ− (mainly in the angular observable
P ′5 [9]) with a significance of about 3σ [10, 11]. Very re-
cently, a (less precise) Belle measurement [12] confirmed
the so-called P ′5 anomaly at the 2σ level. Moreover, the
measurement of Br[Bs → φµ+µ−] disagrees with the SM
prediction [13, 14] by about 3σ [6].
Interestingly enough, all these discrepancies can be ex-
plained in a model-independent approach by a rather
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large new-physics (NP) contribution (at the level of
−25% of the SM prediction) to effective Flavor Changing
Neutral Current (FCNC) operators involving the prod-
uct of s¯b and µ¯µ currents (whose Wilson coefficients are
denoted C
(′)µµ
9,10 , see Sect. IV). Three symmetry based so-
lutions (taking into account at most two non-zero Wil-
son coefficients) give a very good fit to data: NP in
Cµµ9 only [8, 15–21], C
µµ
9 |NP = −Cµµ10 |NP [8, 19–21] and
Cµµ9 |NP = −C ′µµ9 |NP [21]. It is encouraging that the value
for Cµµ9,10|NP required to explain RK (with Cee9 |NP = 0)
is of the same order as the one needed for B → K∗µ+µ−
and Bs → φµ+µ− and such scenarios are preferred over
the SM by 4–5σ.
Many models proposed to explain the b→ sµ+µ− data
contain a massive neutral gauge boson (Z ′) which gen-
erates a tree-level contribution to Cµµ9 [15, 22–39], and
if the Z ′ couples differently to muons and electrons, RK
can be explained simultaneously. Alternatively, models
with weak triplet vectors [38, 40, 41], leptoquarks [42–
52], or heavy new scalars and fermions [53, 54] were also
proposed.
Coming back to the SM flavor puzzle, an interest-
ing approach to reproduce the main features of quark
and lepton mass matrices is to assume the Yukawa cou-
plings are generated from dynamical fields, whose back-
ground values minimize a generic potential invariant un-
der a large non-Abelian flavor symmetry group, such as
[SU(3)]5×O(3) [55, 56]. Employing general group theory
arguments, the natural extrema of such potential, cor-
responding to maximally unbroken subgroups, robustly
predict large (zero) third (first two) generation quark
mass, and a trivial CKM matrix (equal to the identity
matrix). In the lepton sector, the same approach leads
to a solution with hierarchical charged lepton masses ac-
companied by at least two degenerate Majorana neutri-
nos, with potentially large θ12 mixing angle, θ23 = pi/4,
θ13 = 0 and one maximal Majorana phase [57]. Adding
small perturbations to this picture, quantitatively recon-
ciles well with observations.
In such framework, in order to avoid massless Gold-
stone bosons, it is natural to expect that the flavor sym-
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Figure 1. Illustration of the symmetry breaking pattern in the
quark and lepton sectors.
metry is gauged (see e.g. [58–60]). The complete spec-
trum of the corresponding massive vector bosons is quite
complicated and may span several orders of magnitude.
However, a large fraction of such states may be irrele-
vant at low energies. In this paper we focus on the phe-
nomenology of the potentially lightest vector states, as-
sociated to some of the residual unbroken subgroups. In
particular, this setup naturally leads to a gauged Lµ−Lτ
symmetry [61–69] in the lepton sector [57] and an inde-
pendent Abelian symmetry in the quark sector, U(1)q,
that may have interesting implications for the observed
deviations from the SM in b → sµ+µ−. Interestingly,
gauging a linear combination of the two U(1)’s was al-
ready proposed in Ref. [28] as a solution of the LHCb
anomalies. While this was purely phenomenologically
motivated, here we suggest that such symmetries might
be connected with the observed pattern of fermion masses
and mixings. In contrast to Ref. [28], the presence of two
neutral gauge bosons make the collider signatures of this
model quite different, allowing for lighter gauge bosons.
II. NATURAL MINIMA PERTURBATIONS
AND LOWEST-LYING Z′ BOSONS
Building on Ref. [57], we consider the extension of the
SM gauge sector by the maximal flavor symmetry in the
limit of vanishing Yukawa couplings and non-vanishing
Majorana mass term for the right-handed neutrinos: G =
SU(3)Q×SU(3)D×SU(3)U ×SU(3)`×SU(3)E×O(3)νR .
Here, Q (`) corresponds to the left-handed quarks (lep-
tons) while U (D) and E stand for the right-handed up
(down) quarks and charged leptons, respectively. Neu-
trino masses are accounted for via the see-saw mecha-
nism by introducing three right-handed neutrinos. Nat-
ural extrema of a generic Yukawa scalar potential break
the flavor symmetry to a maximal subgroup, providing
a good first-order explanation of the fermion masses and
mixings, both in quark and lepton sectors [57]. In a sec-
ond step, perturbations are introduced (e.g. via extra
scalar fields [70, 71]), breaking the residual flavor sym-
metry and fitting the observed masses and mixing angles.
Below we present a detailed discussion of the sequential
breaking patterns for both sectors, identifying the ap-
pearance of the two residual U(1) symmetries. Finally,
the spectrum and the couplings of the corresponding Z ′
bosons are discussed. The global picture is illustrated in
Fig. 1.
A. Quark sector
Step I: Following the approach in Ref. [57], we choose
the hierarchical natural minima of the flavon fields in
such a way that the following form for the Yukawa cou-
plings is generated:
Y (0)u = diag (0, 0, yt) , Y
(0)
d = diag (0, 0, yb) , (2)
leading to a diagonal CKM matrix and resulting in the
following flavor symmetry breaking pattern
SU(3)Q × SU(3)U × SU(3)D →
SU(2)Q × SU(2)U × SU(2)D ×U(1)q .
(3)
This solution provides a good starting point for the ex-
planation of fermion masses and mixings. Here U(1)q is
defined by the subgroup of the flavor symmetry given by
U(1)q : exp(iαλ
Q
8 )⊗ exp(iαλU8 )⊗ exp(iαλD8 ) , (4)
with λI8 denoting the Gell-Mann matrix, which corre-
sponds to the following charge assignments in generation
space
XQ = XU = XD =
(
−1
2
,−1
2
, 1
)
. (5)
Step II: Perturbations around this minima are needed
to provide the correct description of the observed masses
and mixing angles. However, since the natural minima
are very stable, it is not possible to induce these pertur-
bations through one-loop corrections and (or) higher di-
mensional operators including Yukawa fields only [72]. In
Ref. [70–72] it was shown that the correct perturbations
can be introduced in a natural way through the inclu-
sion of additional scalars in reducible representations of
the flavor group. In this letter, we focus on the pertur-
bations yielding the following flavor symmetry breaking
pattern
SU(2)Q × SU(2)U × SU(2)D ×U(1)q → U(1)q , (6)
at a very high scale, followed by a subsequent breaking
of U(1)q around the TeV scale (Step III).
Finally, the perturbations to Eq. (2) take the form
Y
(1)
u(d) =
11u(d) 12u(d) δ1u(d)21u(d) 22u(d) δ2u(d)
σ1u(d) σ
2
u(d) 0
 , (7)
3and the full Yukawa matrix is given by Yu(d) = Y
(0)
u(d) +
Y
(1)
u(d). The correct masses and mixings are obtained for
|iju(d)|  |δiu(d)|  1 . (8)
For simplicity, we assume negligible σiu(d): these terms
are not required for fitting the CKM matrix and their
absence/smallness is welcome to suppress right-handed
FCNCs. In a given model, u(d) and δu(d) are functions of
the vevs of the corresponding extra flavon fields that in-
duce step-II (and III) breaking, and other physical scales
involved (see Section III for a specific realization).
B. Lepton sector
Step I: For leptons, the presence of a Majorana mass
term for neutrinos yields a different structure for the nat-
ural extrema of the flavon fields [57]
Y (0)e = diag (0, 0, yτ ) , Y
(0)
ν =
iy1 0 00 i√
2
y2
1√
2
y2
0 i√
2
y3 − 1√2y3
 ,
(9)
that break the flavor group to the maximal subgroup
SU(3)` × SU(3)E ×O(3)νR → SU(2)E ×U(1)l , (10)
where the U(1)l subgroup is defined as
U(1)l : exp(iαλ
′ `
3 )⊗ exp(i
√
3
2
αλE8 )⊗ exp(iαλνR7 ) ,
(11)
with λ′3 = diag(0, 1,−1). Again, the induced Yukawa
pattern provides a good starting point for the description
of the lepton masses and mixing angles.
Step II: Perturbations will in turn induce additional
breaking of the flavor group. Here we assume that the
charged lepton Yukawas are generated at very high ener-
gies, i.e.
Y (1)e = diag (ye, yµ, 0) , (12)
with |ye|  |yµ|  |yτ |, implying the following breaking
pattern
SU(2)E ×U(1)l → U(1)µ−τ . (13)
Note that this symmetry breaking pattern requires the
perturbations in the charged-lepton Yukawa to be fla-
vor diagonal, as shown in Eq. 12, therefore predicting no
charged lepton flavor violation.
Step III: Finally, the U(1)µ−τ symmetry given by
U(1)µ−τ : exp(iαλ
′ `
3 )⊗ exp(iαλ′E3 )⊗ exp(iαλνR7 ) ,
(14)
gets broken around the TeV scale by perturbations of
the neutrino Yukawa. As shown in Ref. [57], these small
perturbations allow to fully accommodate for the PMNS
matrix.
C. Couplings of the lightest Z′ bosons
The breaking pattern illustrated above leads to two
massive neutral gauge boson with masses around the TeV
scale associated to the U(1)q ×U(1)µ−τ flavor symmetry
while the other flavour gauge bosons are much heavier.
Quarkphilic Zˆq: The fermion current associated to
the Zˆq field in the gauge basis (L ⊃ gqZˆq µJˆµZq ) is
JˆµZq = −
1
2
q0kLγµq
0
kL −
1
2
u0kRγµu
0
kR −
1
2
d0kRγµd
0
kR
+ q03Lγµq
0
3L + t
0
Rγµt
0
R + b
0
Rγµb
0
R , (15)
where k = 1, 2. In order to diagonalize Yu(d) after the
perturbation in Eq. (7), we introduce the unitary ma-
trices UL,Ru(d), such that Mu(d) ∝ UL†u(d)Yu(d)URu(d). To the
leading order in δiu(d) expansion we find
ULu(d) '

1 0
δ1u(d)
yt(b)
0 1
δ2u(d)
yt(b)
− δ
1
u(d)
yt(b)
− δ
2
u(d)
yt(b)
1
 R(θu(d)12 ), URu(d) ' 1 ,
(16)
where θ
u(d)
12 is an arbitrary 1 − 2 rotation angle, deter-
mined beyond the leading order. Note that the CKM
mixing matrix, VCKM = U
L†
u U
L
d , can already be adjusted
at this order with the appropriate choice of parameters.
Finally, in the mass basis we get
JˆµZq = −
1
2
ukγµuk − 1
2
dkγµdk + tγµt + bγµb
+
(
ΓuLij uiLγµujL + Γ
dL
ij diLγµdjL + h.c.
)
,
(17)
with i, j = 1, 2, 3 and the coupling matrices defined as
Γ
uL(dL)
ij =
3
2
[(
ULu(d)
)∗
3i
(
ULu(d)
)
3j
− δ3iδ3j
]
. (18)
Note that the flavor universality of the gauge interac-
tions with respect to the first two generations guarantees
a suppression of the FCNCs among them, which are gen-
erated only at O(δ2). An interesting scenario is given by
the limit ULu → 1, where the coupling matrices read
ΓuL = 0 , ΓdL =
3
2
 |Vtd|2 VtsV ∗td VtbV ∗tdV ∗tsVtd |Vts|2 VtbV ∗ts
V ∗tbVtd V
∗
tbVts |Vtb|2 − 1
 .
(19)
This limit, characterized by having no FCNCs in the up-
quark sector, is realized in the explicit model in Sec-
tion III. In what follows, we will not consider the sce-
narios with FCNCs in the up-quark sector, given their
strong model dependency.
Leptophilic Zˆ`: Since we assume that the charged
lepton Yukawa matrix is generated at a high scale where
4U(1)µ−τ is unbroken, the Zˆ` charged lepton current in
the mass basis is given by (L ⊃ g`Zˆ` µJˆµZ`),
JˆµZ` = −τγµτ + µγµµ . (20)
Gauge-boson mixing: At the scale where the two
U(1)’s are broken, the most general quadratic Lagrangian
in the unitary gauge reads 1
L ⊂ −1
4
Zˆq µνZˆ
µν
q −
1
4
Zˆ` µνZˆ
µν
` −
sinχ
2
Zˆq µνZˆ
µν
`
+
1
2
Mˆ2Zq Zˆq µZˆ
µ
q +
1
2
Mˆ2Z`Zˆ` µZˆ
µ
` + δMˆ
2Zˆq µZˆ
µ
` ,
(21)
where χ and δMˆ parametrize the kinetic and mass gauge
mixing, respectively. The kinetic and mass mixing terms
can be removed by means of a non-unitary and an or-
thogonal rotation, respectively (see Refs. [73, 74] for more
details). These are given by(
Zˆ`
Zˆq
)
=
(
1 −tχ
0 1/cχ
)(
cξ −sξ
sξ cξ
)(
Z1
Z2
)
, (22)
where we used the following abbreviations: cξ ≡ cos ξ,
sξ ≡ sin ξ, and tξ ≡ tan ξ, and similarly for χ. The
induced mass-mixing angle is defined as
t2ξ =
−2cχ
(
δMˆ2 − sχMˆ2Z`
)
Mˆ2Zq − c2χMˆ2Z` − 2 sχδMˆ2
. (23)
The gauge boson eigenstate masses are
M2Z1,2 =
Mˆ2Z` + Mˆ
2
Zq − 2δMˆ2sχ ±
√(
Mˆ2Z` − Mˆ2Zq
)2
+ 4∆
2c2χ
,
(24)
where
∆ = Mˆ2Z`Mˆ
2
Zqs
2
χ + δMˆ
4 −
(
Mˆ2Z` + Mˆ
2
Zq
)
δMˆ2sχ . (25)
Finally, the interactions of the gauge bosons with
fermions in the mass eigenstate basis are given by
L ⊃
[
(cξ − tχsξ) g`JˆµZ` +
sξ
cχ
gqJˆ
µ
Zq
]
Z1µ
+
[
cξ
cχ
gqJˆ
µ
Zq
− (sξ + tχcξ) g`JˆµZ`
]
Z2µ .
(26)
III. EXPLICIT MODEL EXAMPLE
In this section we present an explicit realization of the
framework presented in the previous section. We assume
that the maximal flavor group in the absence of Yukawas,
1 For simplicity, and without loss of generality, we assume that the
new gauge bosons decouple from the SM gauge sector and there
is no relevant kinetic or mass mixing with the SM gauge fields.
SU(2)Q SU(2)U SU(2)D U(1)q SU(3)c SU(2)L U(1)Y
qjL 2 1 1 −1/2 3 2 1/6
ujR 1 2 1 −1/2 3 1 2/3
djR 1 1 2 −1/2 3 1 −1/3
q3L 1 1 1 1 3 2 1/6
tR 1 1 1 1 3 1 2/3
bR 1 1 1 1 3 1 −1/3
UjL 1 2 1 −1/2 3 1 2/3
DjL 1 1 2 −1/2 3 1 −1/3
UjR 2 1 1 −1/2 3 1 2/3
DjR 2 1 1 −1/2 3 1 −1/3
H 1 1 1 0 1 2 1/2
φu 2¯ 2 1 0 1 1 0
φd 2¯ 1 2 0 1 1 0
φmix 1 1 2 −3/2 1 1 0
Table I. Particle content for the quark sector. Particles added
to the SM are shown in a gray background.
G, is a local symmetry of nature that gets broken by the
natural minima in Eqs. (2) and (9) at a very high scale
leading to an unbroken SU(2)Q × SU(2)U × SU(2)D ×
SU(2)E × U(1)q × U(1)l. For simplicity, we will ignore
in this section the generation of neutrino masses, that is
not directly relevant to our phenomenological analysis.
Following a similar approach to that in Refs. [58, 60],
we introduce a minimal set of fermions to cancel the
gauge anomalies, i.e. those of the flavor and SM groups
and mixed anomalies among them, see Tables I and II.
The most general renormalizable Lagrangian compatible
with the symmetries and particle content of the model
reads
L = Lkin − V (φu, φd, φmix, φe, φν , H)
+ (yt q3LH˜tR + yb q3LHbR + yτ `3LHτR
+ λu qiLH˜UiR + λ′u UiL(φu)ij UjR +Mu UiLuiR
+ λd qiLHDiR + λ′dDiL(φd)ij DjR +MdDiLdiR
+ λmixDiL(φmix)i bR + λe1 `1LHE1R
+ λe2 `2LHE2R + λ′e1 EiL(φe)i E1R
+ λ′e2 EiL(φ˜e)i E2R +Me EiLeiR + h.c.) , (27)
with i, j = 1, 2 and where Mu,d,e and λ
(′)
u,d are universal
parameters for the first two generations, and φ˜e = iσ2φ
∗
e
with σ2 the Pauli matrix. We assume that the scalar
flavons φu,d,e take a vev at a high scale with 〈φf 〉 Mf
(f = u, d, e). This gives rise to the Yukawa couplings of
the first and second generation SM fermions. Through
a flavor transformation, we can make 〈φu〉 diagonal and
〈φd〉 → 〈φd〉V , with V a 2 × 2 unitary matrix that, at
leading order, corresponds to the Cabbibo matrix. Af-
ter step II symmetry breaking, the Yukawa couplings are
given by
Yu(d) =
(
y
(2)
u(d) 0
0 yt(b)
)
, Ye =
(
y
(2)
e 0
0 yτ
)
. (28)
At leading order in the Mf 〈φf 〉−1 expansion, the (light
5SU(2)E U(1)l SU(3)c SU(2)L U(1)Y
`jL 1 δj2 1 2 −1/2
ejR 2 1/2 1 1 −1
`3L 1 −1 1 2 −1/2
τR 1 −1 1 1 −1
EjL 2 1/2 1 1 −1
EjR 1 δj2 1 1 −1
H 1 0 1 2 1/2
φe 2 1/2 1 1 0
φν 1 −1 1 1 0
Table II. Particle content for the lepton sector. Particles added
to the SM are shown in a gray background.
generation) Yukawa matrix elements read
y(2)u =
λuMu
λ′u
〈φu〉−1 , y(2)d =
λdMd
λ′d
V †〈φd〉−1 ,
(y(2)e )ii =
λeiMe
λ′eive
,
(29)
with 〈φe〉 = (ve 0)ᵀ. On the other hand, the extra
fermions acquire a mass proportional to the vevs of the
flavon fields, which are assumed to be large, and they de-
couple at low energies. The vevs of the flavon fields break
the flavor group down to U(1)q × U(1)µ−τ . The unbro-
ken U(1)µ−τ symmetry ensures that the charged lepton
Yukawa couplings are diagonal, and therefore there are
no flavor violating couplings in the charged lepton sector.
Finally in the step III, the scalar flavons φmix and
φν develop a vev around the TeV scale giving a heavy
mass to the neutral gauge bosons associated to the U(1)’s
(MˆZq(`) ∼ gq(`)〈φmix(ν)〉). Mixing among the third and
the first two generations of quarks in the down-quark
sector is generated,
Yd
〈φmix〉−→ Yd =
(
y
(2)
d y
mix
d
0 yb
)
, (30)
where, at leading order in 〈φd〉−1〈φmix〉,
ymixd = y
(2)
d
λmix〈φmix〉
Md
. (31)
Note that in this model Vub ' (ymixd )1/yb and Vcb '
(ymixd )2/yb, and therefore in order to accommodate the
measured values of the CKM matrix elements the hier-
archy λmix〈φmix〉 &Md has to be enforced.
Finally, as we will discuss in Section IV (see Eq. (44)),
a relatively large amount of mass mixing between the
gauge bosons associated to the flavored U(1)’s is needed
in order to accommodate the b → s`+`− anomalies. In
the minimal framework presented in this section, the only
connection between the two sectors is given by the portal
interaction (φ†mixφmix)(φ
†
νφν). This interaction is how-
ever unable to induce the required mixing at sufficient
level, which in the minimal model is absent even at the
one-loop order. Therefore, the minimal model presented
here has to be extended. The necessary amount of mixing
can be easily accounted for by the inclusion of additional
particles, either fermions or scalars, charged under both
U(1)q and U(1)µ−τ , and with a mass around the TeV
scale. For the purpose of this study it is not necessary
to provide a precise realization of such extensions but we
rather consider the gauge boson mixing as a free param-
eter.
IV. PHENOMENOLOGICAL IMPLICATIONS
A. Rare transitions: b→ sµ+µ−
We start with the effective Hamiltonian for b→ sµ+µ−
transitions,
Heff = −4GF√
2
VtbV
∗
ts
e2
16pi2
∑
i
(Cµµi O
µµ
i +C
′µµ
i O
′µµ
i )+h.c.
(32)
In our model only a contribution to the operator
Oµµ9 ≡ (s¯LγνbL) (µ¯γνµ) , (33)
is generated. For our numerical analysis we rely on
the results of the fit for the Wilson coefficients reported
in Ref. [21] (see also Ref. [20]), where the best fit is
Cµµ9 |NP = −1.09 ± 0.22 at the 1σ level. In our case,
we have
Cµµ9 |NP =
gqg`Γ
∗
bs
VtbV ∗ts
cξsξ
cχ
[
1− tξtχ
M2Z1
− 1 + tχ/tξ
M2Z2
]
Λ2ν ,
(34)
where Λv =
√√
2pi/(GFαem) = 7 TeV.
Naive effective field theory power counting suggests
that the contribution due to pure kinetic mixing is
expected to be additionally suppressed by a factor ∼
m2b/M
2
Z1,2
. This is due to the presence of derivatives
from the field-strength tensors. Indeed, we explicitly
checked that Cµµ9 |NP in Eq. (34) vanishes in the limit
δMˆ2,mb → 0. Therefore, from now on, we set χ to zero
and allow for non-zero mass mixing δMˆ2 = MˆZqMˆZ`,
where the parameter  is expected to be small. Expand-
ing in , we find
Cµµ9 |NP = −
Γ∗bs
VtbV ∗ts
(
gqΛv
MZ2
)(
g`Λv
MZ1
)
+O(2) . (35)
B. ∆F = 2 processes
Flavor violating Z ′ couplings to b and s unavoidably
induce tree level contribution to Bs − B¯s mixing. In our
model
∆RBs = |gqΓbs|2
(
s2ξ
M2Z1
+
c2ξ
M2Z2
)(
g2(VtbV
∗
ts)
2
16pi2v2
S0
)−1
,
(36)
where the SM loop factor S0 ' 2.3. Expanding in , we
find
∆RBs =
∣∣∣∣ ΓbsVtbV ∗ts
∣∣∣∣2(gqΛvMZ2
)2(
2s2W
S0
)
+O(2) , (37)
6where sW is the sine of Weinberg angle. Requiring NP
contributions to the mixing amplitude to be at most
O(10%), we find the following condition∣∣∣∣ ΓbsVtbV ∗ts gqΛvMZ2
∣∣∣∣ . 0.7 . (38)
In the numerical fit we take NP contributions to the mix-
ing amplitude to be ∆RBs = −0.10±0.07 (see discussion
in Ref. [75]).
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Figure 2. Combined fit to Bs mixing, neutrino trident produc-
tion and b→ sµ+µ− observables assuming  = 0.1 (green - 1σ,
yellow - 2σ). Relaxing the first (second) constraint is illustrated
with red (blue).
It is worth noting that the contribution to ∆F = 2
processes have necessarily constructive interference and
are MFV-like (i.e. a similar relative correction compared
to the SM is also expected in Bd − Bd and Kaon mix-
ing). This conclusion would not hold if the σid terms
in Eq. (7) were not negligible. Tuning the σid one can
generate arbitrary contributions to ∆F = 2 amplitudes
and relax the bound in Eq. (38). However, since this
tuning does not find a natural explanation within our
framework, we will not consider this possibility any fur-
ther. Flavon fields also give tree-level MFV-like contri-
butions to ∆F = 2 transitions. However, since they are
SM singlets, their contributions to these processes receive
an extra suppression of O (m2b/〈φmix〉2), and can be ne-
glected. We checked this explicitly in the model example
and also verified that flavon-Higgs box contributions can
be neglected since they are not parametrically enhanced
by large masses compared to the Z ′ contribution.
C. Neutrino Trident Production
Bounds on flavor-diagonal Z ′ couplings to muons can
also arise from neutrino trident production (NTP), where
a muon pair is created by scattering a muon-neutrino
with a nucleon: νµN → νNµ+µ− [76]. Note that as the
flavor of the neutrino in the final state is not detected, one
must sum over all three generations in the case of flavor-
violating interactions. We obtain for the cross section of
NTP
σNP
σSM
=
1 +
(
1 + 4s2W + 2v
2V NP
)2
1 + (1 + 4s2W )
2 , (39)
with
V NP = g2`
[(
cξ
MZ1
)2
+
(
sξ
MZ2
)2]
, (40)
while expanding in 
V NP =
g2`
M2Z1
+O(2) . (41)
The bound from the CCFR collaboration [77] is given by
RNTP ≡ σexp/σSM = 0.82± 0.28 . (42)
Requiring this constraint to be satisfied at the 2σ level
implies ∣∣∣∣g`ΛvMZ1
∣∣∣∣ . 12 . (43)
D. Combined fit to low-energy data
Using the limits in Eq. (38) and Eq. (43), and plugging
in Eq. (35), we find that the NP contribution to Cµµ9 can
be
Cµµ9 |NP ' − 8×  . (44)
We then conclude that  ∼ O(0.1) is required to recon-
cile low-energy constraints with the correct size of Cµµ9 .
To make this point more precise, we perform a com-
bined fit to the set of measurements discussed above.
The total likelihood as a function of three parameters:
gqΛv/MZ2 , g`Λv/MZ1 and , is constructed by adding the
corresponding χ2 terms from the three measurements:
Cµµ9 |NP, ∆RBs and RNTP. The preferred region for
gqΛv/MZ2 and g`Λv/MZ1 at 1σ (green) and 2σ (yellow),
setting  = 0.1, is shown in Fig. 2. In the numerical
analysis, we set Γbs = VtbV
∗
ts as suggested by Eq. (18).
Possible O(1) modifications of this parameter shift ac-
cordingly the preferred value of gqΛv/MZ2 .
E. Direct searches at LHC
In this subsection, we discuss the LHC phenomenology
of the two Z ′ bosons. In the limit of zero mass and
kinetic mixing and assuming that right-handed neutrinos
are heavy, Z1 ' Zˆ` (see Eq. (22)) decays predominantly
to τ+τ−, µ+µ− and ν¯ν with the partial decay widths
Γ(Zˆ` → µµ) = Γ(Zˆ` → ττ) = Γ(Zˆ` → ν¯ν) = g
2
`
12pi
MZˆ` ,
(45)
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Figure 3. Allowed region in the (MZ1 ,MZ2) plane from di-
rect searches for dimuon resonances in pp → Z1(Z2) → µ+µ−
at LHC [78]. Here we fix  = 0.1, gqΛv/MZ2 = 0.5, and
g`Λv/MZ1 = 10 in agreement with the preferred region from
the low-energy fit. The mixing angle ξ is small for these points,
at most ∼ 0.1.
while Z2 ' Zˆq decays to t¯t, b¯b and light jets with the
partial widths
Γ(Zˆq → bb¯) = Γ(Zˆ` → jj) =
g2q
4pi
MZˆq , (46)
where jj = uu¯+ dd¯+ ss¯+ cc¯ and
Γ(Zˆq → tt¯) = Γ(Zˆq → bb¯)
(
1 +
2m2t
M2
Zˆq
)√√√√1− 4m2t
M2
Zˆq
,
(47)
in agreement with the general decay formula in Eq. (B9)
of Ref. [79]. In the zero mixing limit, only Zˆq is pro-
duced at the LHC. The total hadronic cross section in
the narrow width approximation is given by
σ(qq¯ → Zˆq) = 8pi
2
3MZˆqs0
Γ(Zˆq → qq¯) Lqq¯ , (48)
where Lqq¯ is the corresponding parton luminosity func-
tion. The dominant contribution is for q = u, d. We use
NNLO MMHT2014 PDF [80] set for numerical studies.
Furthermore, we cross-checked the results using Mad-
Graph [81].
ATLAS searched for a narrow Z ′ resonance in pp col-
lisions at 8 TeV decaying to µ+µ− [78]. The reported
limits on σ × B in the mass range [150− 3500] GeV can
be used to set constraints on the parameter space of our
model. Production and decay formulas are easily general-
ized in the case of arbitrary mass mixing ξ. We compute
the signal strength for both Z ′ and confront with these
limits.
Interestingly, we find that it is possible to have rela-
tively light vectors (. TeV) with O(1) couplings. In par-
ticular, fixing  = 0.1, gqΛv/MZ2 = 0.5, and g`Λv/MZ1 =
10, in agreement with the preferred region from the low-
energy fit, we have performed a scan in the (MZ1 ,MZ2)
plane. In Fig. 3 we show in green the region allowed by
present dimuon searches from Ref. [78]. The most plau-
sible scenario is the one with a mass hierarchy between
the vectors, MZ1 < MZ2 , and with small mass mixing.
That is, the lighter vector Z1 is predominantly Zˆ`, while
the heavier Z2 is predominantly Zˆq. In conclusion, re-
quiring small (perturbative) couplings (g` ∼ 2 implies
ΓZ1/MZ1 ∼ 0.3), low-energy flavor data together with
dimuon resonance searches require a relatively light lep-
tophilic Z ′, that might be probed in the near future.
In order to check the robustness of the above state-
ment, we have performed an exhaustive parameter scan
of the model randomly varying five input parameters with
flat priors: MˆZq and MˆZ` in the range [150, 4000] GeV,
 and gq in the range [0,1], and g` in the range [0,2]. We
have constructed the combined likelihood function for the
low-energy data, together with the dimuon search [78]
for both Z ′s, in terms of the model parameters using the
complete formulas (not expanded in small mixing). The
best fit point gives χ2min ≈ 7, while the SM point has
χ2SM ≈ 27. We have kept the points that provide a good
fit to all data, namely ∆χ2 ≡ χ2 − χ2min . 6.
Shown in Fig. 4 are the corresponding predictions for
σ×B for µ+µ−, tt¯ and jj resonance searches at LHC. In
addition, we show the present limits from Refs. [82–86],
and estimate the future sensitivity with 300 fb−1. Inter-
estingly enough, the unpublished 13 TeV dimuon reso-
nance search [82] is already probing the relevant region,
with conclusive answers expected in the near-future data.
On the other hand, we find the impact of the present
(and future) t¯t and jj searches to be less relevant. We
restricted our scan to the mass range of dimuon reso-
nance searches reported by ATLAS and CMS (namely
Mµµ ≥ 150 GeV) but it is interesting to note that a
very light (almost leptophilic) Z1 could evade the ex-
perimental bounds provided its gauge coupling is suffi-
ciently small. In this case, Z → 4µ provides a bound of
MZ1 & 30 GeV [26, 76, 87], when the three-body decay
Z → µ+µ−Z ′(→ µ+µ−) is kinematically open. Finally,
one can establish a rough estimate on the future mass
reach at LHC using the ColliderReach tool for extrapo-
lations [88]. We find that by Run 3, with 300 fb−1, this
value should rise to about 5 TeV.
V. SUMMARY AND CONCLUSIONS
The assumption of dynamically generated Yukawa cou-
plings provides a natural explanation to the observed
pattern of fermion masses and mixing angles, both in
the quark and lepton sectors [57]. In this framework the
maximal [SU(3)]5 × O(3) flavor group is assumed to be
a local symmetry of nature, broken spontaneously (and
in several steps) by flavon fields. In this paper we have
shown that in this context, under reasonable assumptions
about the flavor symmetry breaking pattern, it is possi-
ble to obtain an explanation of the anomalies observed
in b→ sµ+µ− transitions. The main features of the pro-
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Figure 4. Predictions for the LHC signals (σ × B) at 8 TeV (first row) and 13 TeV (second row) for µ+µ−, tt¯ and jj resonance
searches for Z1 (green) and Z2 (blue). Present limits are shown with black line, and future-projected with dashed line.
posed model can be summarized as follows.
• Two Z ′ bosons arise as the lowest-lying resonances
resulting from the gauging of the flavor group, one
corresponding to a gauged U(1)q and the other one
to a gauged µ−τ flavor symmetry. A small but non-
vanishing mass-mixing among the Z ′ bosons is re-
quired in order to accommodate the flavor anoma-
lies.
• The flavor symmetry acting on the light quark fam-
ilies ensures a partial protection for quark FCNCs,
which turn out to be sufficiently small to avoid the
tight existing constraints while allowing for sizable
effects in b → sµ+µ−. The model predicts no FC-
NCs in the charged lepton sector.
• Concerning b→ sµ+µ− transitions, our model pre-
dicts Cµµ9 |NP only, and maximal µ− e universality
violation. Therefore, no deviations from the SM
predictions in Bs → µ+µ− are expected but sizable
effects in angular observables measuring lepton fla-
vor universality violation [89–91] should occur.
Present data already provides important restrictions
on the parameter space of the model: for small gauge
mixing, the bound from Bs mixing implies gq/MZ2 .
0.1 TeV−1 while the constraint from NTP gives the
bound g`/MZ1 . 1.7 TeV−1. Direct searches at LHC al-
low for a very light (almost leptophilic) Z ′ together with
a heavier one (mostly quarkphilic) in the TeV domain.
This full region of the parameter space will be explored
in the near future by dimuon searches.
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